Introduction
============

X-ray crystallography remains the method of choice to obtain high-precision structural information about biological macromolecules. This is illustrated by the fact that almost 90% of protein structures deposited in the Protein Data Bank were elucidated using this method. However, production of high-quality single crystals and phase determination are the two main issues inherent to X-ray crystallography that severely slow down the resolution of new protein structures.[@cit1] Phase determination has been partially solved with the increasing number of known structures and the development of sophisticated algorithms and programs for molecular replacement. When the lack of homologous structures hinders structure determination, *de novo* phasing using anomalous-based methods -- Single-wavelength Anomalous Dispersion (SAD) and Multi-wavelength Anomalous Dispersion (MAD)[@cit2],[@cit3] -- is used thanks to the development of tuneable high-energy synchrotron radiation sources. These methods rely on the presence of well-ordered heavy atoms within the crystal, and this can be achieved by the conventional seleno-methionine labelling of the protein[@cit4] or by the recent exploitation of the intrinsic proteins' sulphur content.[@cit5],[@cit6] Thus, crystallization represents the major issue in the whole structure determination process. Commercially available crystallization screens associated with crystallization robotics have optimised the trial and error process. However, crystallization of biological macromolecules remains very time-consuming, without any guarantee of success, and has triggered the research for various additives to facilitate the nucleation process. In this context, heterogeneous nucleants have been developed and these include minerals,[@cit7],[@cit8] natural materials such as horse and human hair,[@cit9],[@cit10] homologous protein thin films,[@cit11] or carbon-nanotubes.[@cit12],[@cit13] The best results have been obtained with porous nucleating agents such as porous silicon,[@cit14] nanoporous gold,[@cit15] microporous zeolite,[@cit16] bioglass,[@cit17] and, more recently, molecularly imprinted polymers.[@cit18]--[@cit20]

Over the last 15 years, lanthanide complexes have been widely used to solve the phase problem thanks to the large anomalous contribution of lanthanide ions.[@cit21] Insertion of these heavy ions into protein crystals has been achieved by (i) substitution of Ca^2+^ in calcium-binding proteins,[@cit22],[@cit23] (ii) covalent grafting of a lanthanide binding tag,[@cit24],[@cit25] and (iii) supramolecular co-crystallization of lanthanide complexes with protein. In this context, several complexes, including macrocyclic (DOTA, DO~3~A, and HPDO~3~A), polydentate (DTPA-BMA) or tris-dipicolinate lanthanide complexes ([Fig. 1](#fig1){ref-type="fig"}), have been evaluated on commercial proteins[@cit26]--[@cit28] but have also allowed the structural determination of new proteins.[@cit29] Herein, we report a new terbium([iii]{.smallcaps}) complex that combines nucleating, phasing, and luminescence properties, allowing us to overcome the two major issues of X-ray macromolecular crystallography with a single tool (patent pending PCT/FR2016/053539). We called this type of complex "crystallophore" (Xo4) and illustrated its properties for the crystallisation and structure determination of a series of eight proteins, including two proteins of unknown structure.

![Three generations of complexes designed for protein structure determination.](c7sc00758b-f1){#fig1}

Results and discussion
======================

Synthesis of Tb--Xo4
--------------------

The complex was designed to be stable and highly soluble in aqueous media, and to be cationic with a non-saturated coordination sphere while remaining luminescent. It consists of a triazacyclononane macrocyclic scaffold bearing two picolinate arms, which ensure a good stability in the crystallization media and act as efficient antennae to sensitize terbium([iii]{.smallcaps}) luminescence ([Fig. 1](#fig1){ref-type="fig"}).[@cit36] This macrocyclic ligand strongly chelates the Tb([iii]{.smallcaps}) ion with a coordination number of seven; consequently two coordination sites remain accessible for further direct interaction with proteins. In particular, this cationic complex was designed to preferentially target protein carboxylate amino-acids like aspartate or glutamate. The compound was prepared and used as a chloride salt of the complex. Details of the synthesis and characterisation are provided in the ESI (Fig. S1--S8[†](#fn1){ref-type="fn"}).

Nucleating properties of Tb--Xo4
--------------------------------

The potentialities of this new complex were first evaluated with the benchmark hen egg white lysozyme (HEWL) protein. The standard conditions leading to the tetragonal crystal form, *i.e.* in the presence of NaCl as a precipitant, were used. First, the Tb--Xo4 optimal concentration was determined by evaluating different complex concentrations and by keeping the protein concentration constant at 20 mg mL^--1^ ([Fig. 2](#fig2){ref-type="fig"}). Interestingly, the former generation of complexes are generally used at high concentrations (50--100 mM), whereas crystals of HEWL have been obtained with lower concentrations of Tb--Xo4, with an optimal concentration of about 10 mM.

![Crystallization diagrams of HEWL after two days with different Tb--Xo4 concentrations (0 to 100 mM). Black dots represent conditions where crystals are observed. HEWL crystallizes up to a Tb--Xo4 concentration of 100 mM. However, for clarity, results in the presence of 50 mM of the complex (similar to 40 mM) and 100 mM (similar to 2.5 mM) are not displayed.](c7sc00758b-f2){#fig2}

In order to get a deeper insight into this markedly different behaviour, the crystallization diagram of HEWL was determined ([Fig. 3](#fig3){ref-type="fig"}). The diagrams in the absence and in the presence of Tb--Xo4 are dramatically different, clearly indicating that the complex has a strong influence on the crystallisation process. The presence of Tb--Xo4 speeds up the appearance of crystals and promotes crystallization in a wider concentration range of the precipitant, here NaCl. Importantly, exploitable protein crystals can be obtained at very low precipitant concentrations as well as low protein concentrations. For example, HEWL tetragonal crystals could be grown at a concentration of NaCl as low as 200 mM, which has never been observed in either rational crystallogenesis studies[@cit37] or when using other nucleants.[@cit18] Furthermore, the protein concentration giving crystals after 2 days was reduced from 15 mg mL^--1^ under native conditions to 5 mg mL^--1^ in the presence of the terbium complex, an unprecedented result in the case of HEWL.[@cit18],[@cit37] This result clearly indicates that Tb--Xo4 presents a strong nucleating effect in the case of HEWL crystallisation.

![Crystallization diagrams determined for HEWL. White dots represent clear drops and black dots represent conditions giving crystals (hits). The presented diagrams correspond to the situation after 2 days (top) or 20 days (bottom) where no more evolution is observed. The left diagrams refer to the native proteins and the right ones to crystallization in the presence of Tb--Xo4 (10 mM).](c7sc00758b-f3){#fig3}

The general nucleating properties of Tb--Xo4 were then evaluated with several soluble proteins and under wide-ranging crystallization conditions. For this purpose, automated crystallization experiments were performed at the HTXlab (EMBL, Grenoble) with a set of 6 standard crystallization screens, corresponding to a total of 576 conditions. Six proteins of known structure, including three commercial ones (HEWL, thaumatin and proteinase K), as well as three in-house ones (protease1 from *P. horikoshii*, glyoxylate/hydroxypyruvate reductase (GRHPR) from *P. furiosus* and pb9 from the T5 phage tail) were tested (see ESI[†](#fn1){ref-type="fn"}). Two proteins of unknown structure were also tested: a halophilic tetrameric malate dehydrogenase (MDH) and a second protein of the T5 phage tail, pb6. Descriptions of the proteins and of the crystallization kits are provided in Tables S1 and S2[†](#fn1){ref-type="fn"} respectively. The nucleating properties of the complex were assessed using a comparative crystallization experiment. In the same crystallization plate, each protein was tested at a given concentration in the presence or in the absence of Tb--Xo4. The samples for automated crystallization were prepared by direct mixing of the complex in each protein solution to reach an optimal Tb--Xo4 concentration of 10 mM ([Fig. 2](#fig2){ref-type="fig"}). The use of this molecular additive is thus perfectly compatible with automated crystallization robots, in contrast with heterogeneous nucleants. In the following discussion, we have called a crystallization condition leading to the appearance of a crystal a "hit". The results after a 34 days observation period are displayed in [Fig. 4](#fig4){ref-type="fig"}. We chose this period thanks to the recent analysis of the Oxford Structural Genomics Consortium showing that 98% of all crystals that led to deposited structures appeared within 30 days.[@cit38] However, it should also be noted that most of the hits are already present after 7 days (Fig. S9[†](#fn1){ref-type="fn"}). For all of the proteins tested, the presence of Tb--Xo4 in the crystallization drops provided additional hits compared to the native ones. This is also the case with the two proteins of unknown structure, MDH and pb6, with 2 and 6 unique hits out of 6 and 12 total hits, respectively. One should also note that, in the presence of the complex, some of the native hits are no longer preserved. Therefore, with the pragmatic goal of obtaining as many exploitable hits as possible, an optimal crystallization experiment would combine screening of the conditions of the protein both under native conditions and in the presence of Tb--Xo4.

![Details of the results of the automated crystallization screening (576 conditions) performed on the 8 proteins tested. The number of crystallization hits is depicted in grey for the native protein and with dots for protein supplemented with 10 mM of Tb--Xo4. As a result, the shared conditions are represented in grey with dots. Observation after 34 days.](c7sc00758b-f4){#fig4}

To further confirm the nucleating effect of Tb--Xo4, the crystallization diagrams of the unknown protein pb6 were determined similarly to those of HEWL ([Fig. 3](#fig3){ref-type="fig"}). The best amongst the 6 additional crystallisation conditions obtained after automated screening, *i.e.* in the presence of PEG 6000 as precipitant, was used ([Fig. 5](#fig5){ref-type="fig"}). As was already observed in the case of HEWL, crystals of pb6 appeared faster and in a broader range of precipitant concentrations in the presence of Tb--Xo4. Crystals were again obtained even at low protein concentrations. Consequently, such an additive opens the way to the crystallization of low concentration samples, which is a major benefit when considering precious protein samples. Beyond its nucleation properties, Tb--Xo4 also improves the quality of the crystals. This was illustrated for the crystals of both unknown proteins (pb6 and MDH) grown in the presence of the complex, which were clearly bigger and showed better morphologies than those of the native ones, making them ready-to-use for diffraction experiments ([Fig. 5](#fig5){ref-type="fig"}).

![(a) Crystallization diagrams determined for pb6 in the absence (top) and in the presence (bottom) of Tb--Xo4 (10 mM). Black dots represent conditions leading to crystals (hits). White dots represent clear drops. Crosses represent drops with protein precipitates. The presented diagrams correspond to the stable situation when no more evolution is observed. (b) Comparison of the crystals' quality obtained under strictly similar crystallization conditions for the two proteins of unknown structures pb6 and MDH, in the absence and presence of 10 mM of Tb--Xo4 as indicated.](c7sc00758b-f5){#fig5}

The diffraction of all the crystals produced in the presence of Tb--Xo4 was tested, an unprecedented assessment for a new nucleating agent. Two different approaches were used to evaluate the diffraction quality of the crystals. Firstly, complete anomalous data sets were collected for all 8 proteins tested, and the diffraction resolution ranged from 2.85 to 1.80 Å using the best crystallization conditions ([Tables 1](#tab1){ref-type="table"} and S3[†](#fn1){ref-type="fn"}). In particular, for commercial proteins, the resolution is in the highest range of what is classically deposited in the Protein Data Bank. Secondly, we directly evaluated the diffraction quality of all of the crystals obtained on a high-throughput screening assay using a statistical approach. This *in situ* experiment was performed in the case of HEWL and the diffraction quality of the 113 hits obtained in the presence of Tb--Xo4 was compared to that of 20 native hits ([Fig. 6](#fig6){ref-type="fig"}). The diffraction quality was assessed using the number of Bragg peaks per frame as a function of the resolution, using the recently developed NanoPeakCell software.[@cit39] Compared to native crystals, the overall diffraction quality of the protein/Tb--Xo4 co-crystals, obtained under the same crystallization conditions, is slightly better in terms of the resolution and of number of detected Bragg peaks ([Fig. 6](#fig6){ref-type="fig"}). A similar analysis was performed on the crystals obtained only in the presence of the complex (*i.e.* unique hits, Fig. S11[†](#fn1){ref-type="fn"}). This led to a diffraction distribution equivalent to the one shown on [Fig. 6](#fig6){ref-type="fig"}. Consequently, the crystals grown only in the presence of the complex show identical diffraction quality compared to both native and Tb--Xo4 crystals obtained under shared crystallization conditions.

###### Experimental phasing statistics obtained for the eight proteins used. Different *de novo* phasing methods, using the strong anomalous signal of Tb--Xo4, were evaluated. All of the crystals were obtained under nucleating conditions (*i.e.* 10 mM Tb--Xo4). The quality of the phasing is assessed by the figure of merit (FOM) obtained after phasing with SHARP and phase improvement with Solomon (ESI†). The quality of the resulting experimental electron density maps is provided by the percentage of the protein model built automatically by Buccaneer

  Protein        Soaking in 100 mM Tb--Xo4 (soaking time)   Final Tb--Xo4 concentration for phasing (mM)   Phasing method                                   Resolution (Å)   Space group    FOM after SHARP   \% solvent content[^*a*^](#tab1fna){ref-type="table-fn"}   FOM after Solomon   Buccaneer[^*b*^](#tab1fnb){ref-type="table-fn"}   U.A. content (molecules)
  -------------- ------------------------------------------ ---------------------------------------------- ------------------------------------------------ ---------------- -------------- ----------------- ---------------------------------------------------------- ------------------- ------------------------------------------------- --------------------------
  HEWL           No                                         10                                             SAD                                              1.8              *P*4~3~2~1~2   0.42              41.3                                                       0.88                97.2                                              1
  Thaumatin      No                                         10                                             SAD                                              1.8              *P*4~1~2~1~2   0.40              45.6                                                       0.92                75.4                                              1
  Proteinase K   No                                         10                                             SAD                                              1.8              *P*4~3~2~1~2   0.31              45.8                                                       0.86                0.0                                               1
  Proteinase K   Yes (120 s)                                100                                            SAD                                              1.8              *P*4~3~2~1~2   0.26              44.5                                                       0.85                86.4                                              1
  Protease1      No                                         10                                             SAD                                              2.0              *P*4~1~2~1~2   0.21              61.9                                                       0.95                62.7                                              3
  Protease1      Yes (45 s)                                 100                                            SAD                                              2.0              *P*4~1~2~1~2   0.35              60.1                                                       0.96                87.8                                              3
  GRHPR          Yes (120 s)                                100                                            SAD                                              2.5              *I*4~1~        0.18              68.7                                                       0.92                90.8                                              1
  pb9            Yes (45 s)                                 100                                            SAD                                              2.0              *P*2~1~        0.58              50.8                                                       0.87                84.6                                              4
  pb6            Yes (300 s)                                100                                            MAD 2*λ*[^*c*^](#tab1fnc){ref-type="table-fn"}   2.85             *P*2~1~        0.29              65.5                                                       0.79                64.7                                              4
  MDH            No                                         10                                             SAD                                              2.35             *R*3           0.32              50.8                                                       0.94                99.5                                              4

^*a*^As evaluated by AutoSHARP.

^*b*^The values indicated correspond to the completeness of chains (%) as provided by Buccaneer.

^*c*^Two-wavelength MAD experiment.

![The diffraction quality (measured as the number of Bragg peaks per image) as a function of the resolution of native (light grey) and Tb--Xo4 (dark gray) HEWL crystals obtained under shared crystallization conditions.](c7sc00758b-f6){#fig6}

Overall, Tb--Xo4 exhibits a pronounced nucleating effect, increasing the number of crystallization conditions for all proteins tested, especially at lower protein and precipitant concentrations. Furthermore, it leads to the formation of larger crystals, ready-to-use for structure determination directly from the screening conditions.

Tb--Xo4 facilitates crystal detection
-------------------------------------

Under 280--370 nm excitation, Tb--Xo4 also presents the characteristic luminescence properties of terbium([iii]{.smallcaps}), *i.e.* a green emission arising from the ^5^D~4~ → ^4^F~*J*~ (*J* = 0--6) metal centered transitions ([Fig. 7](#fig7){ref-type="fig"}). This luminescence is very useful for the detection of the derived crystal within the crystallization drops, in particular allowing an easier discrimination between the protein and salt crystals. Besides, this luminescence detection can be an attractive feature for robotized crystallization drop imaging systems. Furthermore, with the appropriate adaptation of the instrumentation, the luminescence properties of Tb--Xo4 could be used for crystal centring in synchrotron beamlines.[@cit40],[@cit41]

![(a) Luminescence spectrum of Tb--Xo4 in aqueous solution (*λ*~ex~ = 290 nm). MDH crystals obtained with 10 mM of the complex observed (b) in transmission mode and (c) under UV light irradiation (365 nm).](c7sc00758b-f7){#fig7}

Tb--Xo4 as a powerful phasing agent
-----------------------------------

Throughout the whole periodic table, lanthanide ions possess the largest anomalous contribution making them particularly suitable candidates for anomalous-based phasing of diffraction data.[@cit3],[@cit42] In addition, lanthanides may also be highly efficient for phasing with isomorphous techniques due to their high Z number. We evaluated the phasing properties of Tb--Xo4 by performing anomalous-based experiments for each aforementioned protein. The data were collected at the terbium L~III~ absorption edge by setting the incident beam energy to optimally exploit the large f′′ contribution. Either SAD or MAD phasing protocols were used to solve the phase problem ([Table 1](#tab1){ref-type="table"}). All of the structures of the evaluated proteins were determined, leading to a percentage of the automatically built model that ranged from 46 to 100% ([Table 1](#tab1){ref-type="table"}). All of the crystals were initially obtained under nucleating conditions (*i.e.* co-crystallized with 10 mM of Tb--Xo4). The structure determination can be achieved either directly from crystals obtained under nucleating conditions (HEWL, protease1, and MDH) or after a rapid soaking of the 10 mM co-crystallized crystals in a concentrated solution of the complex (*i.e.* at 100 mM of Tb--Xo4 for proteinase K, protease1, GRHPR, pb9, and pb6). A soaking time ranging from 30 s to 5 min was sufficient to obtain a strong anomalous signal ([Table 1](#tab1){ref-type="table"}) without any degradation of the crystals. In particular, in the case of proteinase K and protease1, the soaking highly facilitated the phase determination, leading to 86% and 88% complete models ([Table 1](#tab1){ref-type="table"}), respectively. These results unambiguously showed that Tb--Xo4 is an excellent phasing agent, and is fully compatible with conventional phasing methods. The combination of its nucleating and phasing properties brings major advantages compared to the tedious and time-consuming seleno-methionine labelling method or the method of heavy-atom incorporation.

Application of the crystallophore for new protein structures determination
--------------------------------------------------------------------------

As a proof-of-concept, Tb--Xo4 was used to determine the structure of pb6 and MDH proteins as well as to resolve a difficult-to-phase protein, pb9.[@cit34] These structures range from 800 to 1800 ordered residues and have resolution limits from 2.85 to 2.0 Å ([Table 1](#tab1){ref-type="table"}). A full description of the pb6 and MDH structures and associated biology will be published elsewhere.

### pb6 structure determination

The tail tube protein pb6 forms a stack of trimeric rings composing the bacteriophage T5 tail tube.[@cit43] Crystallization screening in the presence of Tb--Xo4 (10 mM) provided 6 unique conditions out of a total of 12 ([Fig. 4](#fig4){ref-type="fig"}) and the manual optimization of one of them produced well diffracting crystals ([Fig. 5](#fig5){ref-type="fig"}). A two-wavelength MAD experiment was performed on a crystal soaked in a solution containing 100 mM of the complex ([Table 1](#tab1){ref-type="table"}). The resulting experimental electron density map allows us to unambiguously elucidate secondary structure elements ([Fig. 8a](#fig8){ref-type="fig"}).

![Experimentally-phased electron density maps for (a) pb6 at 2.85 Å resolution and (b) MDH at 2.35 Å resolution. The maps are contoured at 1.0 sigma. The C~alpha~ trace corresponds to the automatically built model. (c) The packing of pb9 crystals (asymmetric unit content in black, symmetry-related molecules in grey). All of the Tb positions are shown with spheres. Details of the main Tb--Xo4 binding sites are shown in close-up views. pb9 PDB ID code ; 5MF2.](c7sc00758b-f8){#fig8}

### MDH structure determination

The structure determination of MDH, a tetrameric malate dehydrogenase, is a part of a larger project that aims at deciphering the origin of halophilic adaptation. The sequence of MDH was bioinformatically generated *via* ancestral sequence reconstruction based on a consolidated phylogenetic study. As expected, MDH behaves as a halophilic protein since it is only stable in the presence of 1.5 M KCl and such a high salt content is often detrimental to crystallization. As for pb6, the presence of Tb--Xo4 doubled the number of hits ([Fig. 4](#fig4){ref-type="fig"}). Crystals suitable for diffraction were obtained after manual optimisation of the best unique conditions ([Fig. 5](#fig5){ref-type="fig"}). These crystals showed excellent diffraction up to 2.35 Å resolution ([Table 1](#tab1){ref-type="table"}). SAD phasing was successful on the sole basis of crystals obtained under nucleating conditions (10 mM of the complex) and provided an almost complete model using an automatic procedure ([Table 1](#tab1){ref-type="table"}) thanks to an excellent electron density map ([Fig. 8b](#fig8){ref-type="fig"}).

### pb9 "resolving"

pb9 is the distal tail (Dit) protein of bacteriophage T5. Based on its structure, it is suggested to be a paradigm for a large family of Dit proteins of siphophages infecting mostly Gram-negative bacteria.[@cit34] Despite a native data set at 1.89 Å resolution, the structure determination was a long and tedious process owing to the absence of a homologous model for molecular replacement, the sensitivity of crystals to radiation damage, the insufficient seleno-methionine labelling, and the difficulty of getting suitable derivatives for *de novo* phasing. Thanks to a lanthanide complex,[@cit27] a derivative crystal was obtained by soaking, which provided initial phases at 3 Å resolution. Those were sufficient to build two poly-alanine helices, providing the key to determining the non-crystallographic operators. Then, cycles of partial model rebuilding and phase combination enabled us to obtain a poly-alanine model sufficient to initiate a molecular replacement using the 1.89 Å native data.

Even though the structure of pb9 is already known, the resolving of the structure using the crystallophore fully illustrates the benefits of this agent. As for pb6 and MDH, we optimised one of the most promising additional hits (Table S3[†](#fn1){ref-type="fn"}). Based on these conditions, we confirmed that the optimal Tb--Xo4 concentration to obtain an optimal nucleant effect is between 5 and 10 mM (Fig. S10[†](#fn1){ref-type="fn"}). A rapid soaking of a crystal in a concentrated solution of the complex provided a successfully derived crystal for SAD phasing, as illustrated by the high figure of merit and by the 85% residues built by the automatic model building ([Table 1](#tab1){ref-type="table"}). For the four pb9 molecules present in the asymmetric unit, 15 Tb--Xo4 binding sites were determined with refined occupancies ranging from 0.1 to 0.7 (Table S4[†](#fn1){ref-type="fn"}). A superimposition of our monomer (PDB entry ; 5MF2) on the PDB entry ; 4JMQ monomer[@cit34] led to a root mean square deviation of 0.55 Å, showing that the binding of Tb--Xo4 does not modify the overall structure of the protein.

As expected from the nucleating properties of Tb--Xo4, the analysis of the pb9 crystal packing showed the involvement of the complex at the interfaces between proteins ([Fig. 8c](#fig8){ref-type="fig"}). There is direct interaction between negatively charged residues, in particular glutamate, and the lanthanide atom at the main binding sites ([Fig. 8c](#fig8){ref-type="fig"}). Simultaneously, the crystallophore interacts through its hydrophobic macrocycle with the main-chain atoms of residues located on loops of symmetry-related proteins. In light of this binding mode, the nucleating properties of Tb--Xo4 could be explained by a reduction of surface entropy[@cit44],[@cit45] and/or by a slight modification of the surface topology,[@cit46] favouring contact between molecules. These results open fascinating perspectives for the study of the supramolecular interactions between the crystallophore and the proteins at the beginning of the crystallisation process.

Conclusion
==========

In this paper, we describe the first example of a new class of lanthanide complexes, named crystallophore, that can act as powerful auxiliaries for protein crystallography. Tb--Xo4 presents multiple advantages as follows. (i) It is soluble and stable under all crystallisation conditions and consequently fully compatible with high throughput screening. (ii) It acts as a strong nucleating agent, providing new crystallisation conditions compared to the native ones and generally leads to the formation of bigger derived crystals, ready-to-use for X-ray diffraction. (iii) Under UV irradiation, the terbium([iii]{.smallcaps}) complex presents a green emission, enabling very easy detection of the derived crystal, and finally (iv) the crystallophore is a straightforward phasing agent thanks to the exceptional anomalous properties of the f-block elements facilitating crystal structure determination using SAD or MAD methods. Overall, the crystallophore is an all-in-one, easy-to-use tool that aims to overcome the two main bottlenecks of macromolecular crystallography: producing high quality single crystals and solving the phase problem. Future studies will be devoted to understanding the origin of such peculiar nucleating properties, with the aim of optimizing the design of this first compound and bringing new insight into the intricate issue of protein crystallization.
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